Bacteriophage w6 is the type member of the family Cystoviridae and infects Gram-negative Pseudomonas syringae cells. The virion consists of a protein-rich lipid envelope enclosing a nucleocapsid. The nucleocapsid covers the icosahedral polymerase complex that encloses the double-stranded RNA genome. Here, we demonstrate that nucleocapsid surface protein P8 is the single nucleocapsid component interacting with the cytoplasmic membrane. This interaction takes place between P8 and phospholipid. Based on this and previous studies, we propose a model where the periplasmic nucleocapsid interacts with the phospholipid head groups and, when the membrane voltage exceeds the threshold of 110 mV, this interaction drives the nucleocapsid through the cytoplasmic membrane, resulting in an intracellular vesicle containing the nucleocapsid.
Viruses infecting Gram-negative bacteria must cross two membranes and a peptidoglycan layer in between to reach the cytoplasm of their host. Most bacterial viruses inject only the genome into the cytoplasm, where genome replication and progeny virus assembly occur (Poranen et al., 2002) . Bacteriophage w6, the type member of the family Cystoviridae, is a double-stranded RNA (dsRNA) virus. Its genome is retained within the viral polymerase complex during the entire virus life cycle. Therefore, the entry process of w6 differs radically from those described for other bacteriophages.
w6 is an enveloped, icosahedral virus infecting Pseudomonas syringae cells. The protein-enriched viral envelope encloses a nucleocapsid (NC) consisting of an inner core and an outer protein shell. The inner core (polymerase complex) is composed of four protein species (P1, P2, P4 and P7) and three genomic dsRNA segments (L, M and S), while the outer shell is constructed of protein P8 ( Fig. 1a ; Bamford & Mindich, 1980; Van Etten et al., 1973) .
w6 delivers the transcription-competent inner core into the host cytoplasm in a unique manner (Fig. 1b) , which resembles the route utilized by animal, rather than bacterial, viruses. The entry starts with phage adsorption to the type IV pilus, which retracts, bringing the virion into close contact with the host outer membrane (OM) (Romantschuk & Bamford, 1985; Vidaver et al., 1973) . Viral integral membrane protein P6 mediates fusion between the phage envelope and the bacterial OM (Bamford et al., 1987) . This entry step is reminiscent of that of enveloped eukaryotic viruses that employ membrane fusion to penetrate the plasma membrane (reviewed by White et al., 2008) . Once in the periplasm, NC surfaceassociated endopeptidase P5 locally digests the peptidoglycan layer, allowing the NC to contact the cytoplasmic membrane (CM) (Caldentey & Bamford, 1992; Hantula & Bamford, 1988) . Finally, an interaction between the NC and the host CM leads to an endocytosis-like uptake of the viral NC (Poranen et al., 1999; Romantschuk et al., 1988) . At this point, a parallel could be drawn to non-enveloped eukaryotic viruses that enter into the cell via diverse endocytic pathways (reviewed by Marsh & Helenius, 2006) .
The interaction of the w6 NC with the CM was shown to depend on the energetic state of the CM (Romantschuk et al., 1988) . Moreover, it was demonstrated that neither a change in pH gradient across the CM nor the reduced intracellular ATP level affected NC adsorption to the CM and formation of membrane invaginations. Instead, NC penetration into the cytosol was membrane voltagedependent, being abolished below 110 mV (Poranen et al., 1999) . NC surface protein P8 was shown to be vital during w6 infection when NC interacts with the CM (Ojala et al., 1990; Olkkonen et al., 1990; Poranen et al., 1999) .
Two hundred copies of P8 trimers organized on a T513 lattice form the outer shell of the w6 NC (Huiskonen et al., 2006) . Structural equivalents of w6 P8 are also found in eukaryotic dsRNA viruses (VP7 of bluetongue virus, VP6 of simian rotavirus A/SA11 and P8 of rice dwarf virus; Grimes et al., 1997; Lu et al., 1998; Prasad et al., 1988) . Secondary-structure prediction (Fig. 1c) and Raman spectroscopic analyses indicate that P8 is highly a-helical (Bamford et al., 1993; Tuma et al., 1999) . As revealed by cryo-electron microscopy and three-dimensional image reconstruction, P8 has two domains: a core and a peripheral domain (Fig. 1d) . Eight helices were identified in each P8 monomer: four were found in the core domain and four in the peripheral domain (Huiskonen et al., 2006) . Protein P8 is highly similar to corresponding proteins of cystoviruses w7, w9 and w10. Several w6 P8 mutants have been reported (Silander et al., 2005) , describing a number of amino acid substitutions that are permitted with no apparent effect on its functions (Fig. 1e) . No mutations have been described for the amino acids forming the heptad-repeat type of sequence motif (Fig. 1c, e) .
Various endocytic routes are employed by the entering eukaryotic viruses (Marsh & Helenius, 2006) . However, endocytosis has not been reported in prokaryotic cells. The mechanism to cross the CM utilized by bacteriophage w6 is therefore of interest. The unique way of entry was discovered over two decades ago (Romantschuk et al., 1988) , but the driving force for this process and whether host proteins are required are still not known.
In order to define the components at the CM responsible for the NC-CM interactions, we (i) purified the CM from w6 host bacterium P. syringae HB10Y as described previously (Laurinavičius et al., 2004) and (ii) prepared multilamellar lipid vesicles (MLVs) from commercially available phospholipids (PLs). MLVs were prepared using phosphatidylethanolamine (PE), phosphatidylglycerol (PG) and cardiolipin (CL). PLs were mixed in molar ratios resembling the composition of the CM of P. syringae cells (ii) pilus retraction; (iii) P6-mediated viral envelope and outer membrane fusion and peptidoglycan digestion; (iv) membrane-invagination formation; (v) passage through the CM in an endocytic-like vesicle; (vi) core-particle activation and genome replication. OM, Outer membrane; CM, cytoplasmic membrane; PG, peptidoglycan. (c) Amino acid sequence of w6 P8. Predicted a-helices and b-strands are depicted as arrows and bars, respectively. Hydrophobic amino acids composing a near-heptad repeat are shown in red (Bamford et al., 1993) . (d) Cryo-electron microscopic reconstruction-based structure of P8 trimer: (i) top view; (ii) side view; (iii) bottom view [adapted from Huiskonen et al. (2006) with permission from Elsevier]. (e) Changes in the amino acid sequence of protein P8 in w6 mutants and closely related cystoviruses w7, w9 and w10. Superscript numbers denote the relative frequency of mutation.
(81 PE : 16 PG : 3 CL; Laurinavičius et al., 2004) . Lipids were dissolved in chloroform/methanol (9 : 1, v/v) and dried under a stream of nitrogen while warming the solution in a beaker containing warm water. Obtained dry lipids were placed under high vacuum for 1 h to remove residual solvent and hydrated in 10 mM Tris pH 8.0 buffer. The suspension was sonicated to obtain MLVs. Intact NCs purified from w6 virions (Poranen et al., 1999) were mixed with either purified CM or MLVs, incubated for 1 h at room temperature (RT) and examined by sucrose flotationgradient centrifugation. In the case when MLVs were used, the sucrose concentration of the samples was adjusted to 34 %. Samples were layered on the 45 % sucrose cushion and overlaid with successive sucrose layers to 11 %. After centrifugation (Sorvall TH660 rotor, 40 000 r.p.m., 3 h, 15 u C), fractions were collected and their protein content was analysed by using PAGE. When flotation analysis was performed with CM, 67-30 % sucrose gradients were used and centrifugation time was increased to 22 h. Results obtained showed that NCs co-float with CM ( Fig. 2a) and MLVs (Fig. 2b) , whereas when lipids were omitted, no flotation was observed (Fig. 2c) , indicating that NCs interact with lipid membranes.
To examine which of the NC proteins is responsible for the interaction with PLs, each of them (except P8) was expressed separately, purified as described elsewhere (Juuti et al., 1998; Makeyev & Bamford, 2000; Poranen et al., 2001 Poranen et al., , 2008 and tested in the flotation assay. Attempts to produce recombinant P8 have been unsuccessful; P8 has been purified from w6 NCs by chelating Ca 2+ ions with EGTA (Bamford et al., 1995) . To increase the P8 yield, we developed an additional method for NC uncoating as well as NC surface protein P8 purification, which is now based on low pH-induced uncoating of the NC. To trigger the uncoating of the NC shell, the pH of a freshly extracted NC preparation was reduced and the outcome was examined by rate zonal centrifugation (5-20 % sucrose gradients in 30 mM potassium phosphate, 150 mM NaCl, pH 5.5; Beckman SW50.1 rotor, 30 000 r.p.m., 35 min, 15 u C). At pH 5.5, protein P8 was released from the NC and found in the topmost gradient fraction (Fig. 3a) . For P8 purification, the pH of the dissociated NCs was increased from 5.5 to 8.0 before centrifugation through a 20 % sucrose (10 mM Tris pH 8.0) cushion (Beckman SW41 rotor, 30 000 r.p.m., 3 h, 15 u C). The top fraction containing soluble NC proteins (2.5 ml volume) was collected and applied to a Mono Q (Pharmacia) ion-exchange column in 10 mM Tris pH 8.0 buffer. The bound proteins were eluted by an NaCl gradient, with P8 eluting at about 300 mM NaCl.
The multimeric state of the pH-released P8 was determined by cross-linking. P8 in approximately 5 % sucrose, 30 mM potassium phosphate, 150 mM NaCl, pH 5.5 (top fraction; Fig. 3a , right panel) was incubated in 0.25 % (v/v) glutaraldehyde at RT for 30 min. Cross-linking products were separated in SDS/polyacrylamide gel (16 % acrylamide) and detected with polyclonal anti-P8 antibodies, which were raised by immunizing a rabbit with purified P8 as described previously (Rydman et al., 2001) . pH-released P8 was found to be a trimer, as was the EGTA-released P8 ( Fig. 3b ; Poranen et al., 2001 ).
EGTA-released P8 (Bamford et al., 1995) has been shown to reassemble back onto virus-derived or in vitro-reconstituted core particles if calcium ions are added. Interestingly, shelllike structures from purified P8 could form even in the absence of the core (Olkkonen et al., 1991) . To analyse whether pH-released P8 is also able to self-assemble into shell-like structures, we incubated P8 (50 mg ml
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) in the assembly mixture (2.5 mM Tris pH 8.0, 0.5 mM EDTA, 1 mM MgCl 2 ; to initiate the reaction, CaCl 2 was added to a final concentration of 1 mM) for 30 min at RT. Assembly products were analysed in 10-30 % sucrose gradients (in 20 mM Tris pH 8.0, 150 mM NaCl, 1 mM MgCl 2 , 0.5 mM CaCl 2 ). Sedimentation analysis (Beckman SW50.1 rotor, 40 000 r.p.m., 40 min, 15 u C) of the assembly reaction revealed that pH-released P8 also assembled into shell-like structures in the presence of Ca 2+ ions, whereas it stayed in the trimeric form if calcium was missing (Fig. 3c) . The calcium-induced P8 assembly products were also examined by negative-staining transmission electron microscopy ( Fig.  3d) as described previously (Olkkonen et al., 1991) . These results show that low pH treatment during P8 purification does not cause crucial changes in protein conformation and that P8 is competent for self-assembly.
To get further insights into the NC-CM interactions, 10 mg of each purified NC protein was mixed with freshly made MLVs, incubated at RT for 30 min and analysed in the flotation assay. Protein P2 (the viral polymerase) has hydrophobic regions exposed on the surface (Fig. 3e) and, therefore, showed some association with lipid vesicles (Fig.  3f) . However, based on structural data, it is known that P2 is located on the inner surface of the core and is not exposed on the surface of the NC (Sen et al., 2008) . Protein P8 co-floated with MLVs and was found at the top of the gradient. The rest of the NC proteins (P1, P4 and P7) showed no association with MLVs (Fig. 3f) . We further analysed P8 co-flotation with MLVs by using single-class PLs and their combinations. There was no detectable preference for any of the PL classes (data not shown).
In this study, we developed an improved method for NC dissociation and P8 purification. Low pH-released P8 is a soluble trimer (Fig. 3a, b) , able to self-assemble into shelllike structures (Fig. 3c, d ) in the presence of calcium ions, and interacts with PLs (Fig. 3f) . It was suggested previously that decrease in pH could be a possible factor mediating core-particle release from the entry vesicle (Poranen et al., 1999; Romantschuk et al., 1988) . The finding that the P8 shell dissociates from the core particle at low pH (Fig. 3a) implies that the change in pH might play a role during the late stages of w6 entry. We also show that the w6 NC floats with both CM purified from the host cells (Fig. 2a) and pure lipid vesicles (Fig. 2b) . This indicates that there are no components other than NC surface protein P8 and PLs that are involved in the NC-CM interaction. NC surface protein P8 plays a key role during penetration through the CM. Bioinformatic analysis did not reveal any apparent transmembrane domains and suggested that P8 association with CM is based on surface interactions only, as no Phage w6 nucleocapsid interacts with phospholipids transmembrane domains were predicted. Collectively, these results and those obtained previously (Poranen et al., 1999; Romantschuk et al., 1988 ) strongly support a model where the periplasmic NC interacts with PL head groups and, if the membrane voltage exceeds 110 mV, this interaction drives the NC through the CM, resulting in an intracellular vesicle containing the NC.
